Introduction bumblebees
4,5 , suggest that pesticide exposure can exacerbate the effects of pathogens. Moreover, 48 pathogens may themselves exacerbate the impacts of xenobiotics, possibly due to trade-offs between 49 the activity of the immune system and detoxification pathways 8 . In most cases, the mechanisms that 50 are affected by Malpighian tubule pathogens and that lead insects to become more susceptible to 51 xenobiotics remain unknown, even in the case of diseases of insect pollinators that provide 52 commercially-important ecosystem services (reviewed in 3 ). Consequently, identifying mechanisms by 53 which pathogens could affect removal of xenobiotic compounds is important for understanding insect 54 immune responses, detoxification, Malpighian tubules' health and overall insects' health. 55
In insects, including grasshoppers and honey bees, the Malpighian tubules can become 56 infected by the protozoan Malpighamoeba [9] [10] [11] [12] [13] [14] . This protozoan develops and multiplies primarily in the 57 lumen of the Malpighian tubules before cysts pass into the gut and spread to uninfected individuals 58 through faeces and food contamination 9, 13 . Infected tubules appear swollen and cloudy, and their 59 lumen is packed with cysts 9, 12 . As the disease progresses, tubule diameter increases in conjunction 60 with the thinning of the epithelium and the destruction of the brush border of the epithelial cells 9, 14 . 61 their surface area from their length and diameter (Fig. 3) . Infected tubules were significantly longer 153 and broader with a larger outer surface area than uninfected tubules (Table 1 ; Fig. 3 ), and as a result a 154 greater surface area was exposed to the incubation bath in infected compared to uninfected tubules 155 (Table 1) . 156
One function of the Malpighian tubules is to maintain osmotic balance through secretion of 157 water and ions during diuresis 23 . To test whether infection with M. locustae affects the fluid secretion 158 rate of tubules, we quantified the relationship between fluid secretion rate and surface area for 159 uninfected or infected tubules (Fig. 4) . We selected the most parsimonious model from four candidate 160 models with decreasing complexity (Table 2A) . We found that surface area positively influences the 161 fluid secretion rate independently of the health status of tubules (Table 2B, (Fig. 4) Fig. 5B ). The secretion rate had a 172 negligible effect on the rhodamine concentration, so that the lower rhodamine concentration in 173 droplets secreted by the infected tubules cannot be attributed to their higher secretion rates and the 174 consequent dilution (Table 3) . 175
The net rhodamine extrusion rate (femtomoles of rhodamine extruded per minute) increased 176 with the fluid secretion rate, but this increase was less pronounced in infected tubules than in 177 uninfected ones (Table 4A, 
Discussion

195
We determined how infection by the protozoan Malpighamoeba locustae affects the performance of 196 insect Malpighian tubules using gregarious desert locusts (Schistocerca gregaria) as a model system. (Supplementary Videos S1,2). We assessed two key aspects of the physiological performance of 204 tubules; their fluid secretion and net extrusion of rhodamine B, which is a P-glycoprotein substrate 21 . 205
Our analysis showed that infected tubules with a larger surface area secrete more fluid per unit time. The overall consequence of the reduced net extrusion of rhodamine per unit of surface area 238 coupled with the increased fluid secretion rate is that the total net extrusion of rhodamine per tubule is 239 similar in infected and uninfected tubules. This is consistent with the finding that infection with 240
Malpighamoeba does not increase the susceptibility of grasshoppers (Melanoplus sanguinipes) to the 241 insecticide cypermethrin, a P-glycoprotein substrate, within one hour of application 35, 36 . However, 242 tubules of heavily infested locusts present globular melanised encapsulations that can fuse together 243 and to adjacent tissues forming tissue masses that can no longer contribute to excretion 9,12 (Fig. 6) . 244 Therefore, it is possible that these encapsulations reduce the number of functional tubules, further 245 compromising locust excretion. 246
Changes in feeding behaviour may also contribute to the ability of locusts to compensate for 247
Malpighamoeba impairment of P-glycoprotein detoxification; infection reduces the amount of food 248 that locusts ingest 9 (M. Rossi pers. obs.). Reducing food intake may reduce the exposure of infected 249 insects to noxious substances. Locusts infected with Malpighamoeba experience higher fluid secretion 250 to achieve similar levels of toxin extrusion as uninfected locusts. Consequently, the reduced food 251 intake may reduce infected locusts' exposure to noxious substances that their compromised 252 detoxification pathways cannot remove without substantial water loss into the gut. This may be 253 particularly important for generalist herbivores like desert locusts that feed on a broad variety of plant 254 species, many of which contain toxins 37 . Alternatively, reduced food intake in infected locusts may be8 driven by the activation of the immune system 8 . Both their immune system and their ability to 256 detoxify noxious food substances rely on pathways that involve the antioxidant glutathione [38] [39] [40] . 257
Consequently, competition for glutathione between these two physiological pathways could lead to 258 impaired detoxification when the immune system is already activated 
